Background and Purpose-Basilar artery (BA) bifurcation aneurysms are common, but the correlation between BA bifurcation morphology and aneurysm formation remains to be established. Our purpose was to determine the association of BA bifurcation aneurysms with patient age, sex, bifurcation angle, and branch diameter. Methods-Three-dimensional angiographic data of 195 patients were used, including 59 patients with BA bifurcation aneurysms and 136 control subjects. The angles formed between left and right posterior cerebral arteries (φ1) and between posterior cerebral artery and BA (the smaller angle defined as φ2 and the larger one as φ3), arterial diameters, and BA bifurcation aneurysm geometric characters were examined. Results-Women of 40 to 70 years of age are more vulnerable to BA bifurcation aneurysm formation than men. The φ1 bifurcation angle significantly increased (P<0.0001), whereas both φ2 and φ3 angles significantly decreased (P<0.0001 and P=0.09, respectively) with increase of patients' age. Statistically significant (P<0.0001 and P=0.0002, respectively) positive correlations were observed between BA bifurcation branch diameter and aneurysm size. The φ1 angle was significantly (P<0.0001) wider in patients harboring BA bifurcation aneurysms than the control, whereas φ2 and φ3 angles in aneurysm group were significantly smaller than those in the control group (P<0.0001). The BA bifurcation aneurysms were mostly deviated toward the smaller φ2 angle side between φ2 and φ3 angles and deviated toward the smaller-diameter daughter posterior cerebral artery branch. Conclusions-BA bifurcation aneurysms are significantly associated with patients' age, female sex, wider bifurcation angles, and smaller vascular diameter at the BA bifurcation.
H emodynamic stresses are commonly believed to play an important role in the pathogenesis, progression, and rupture of cerebral aneurysms. 1 Furthermore, hemodynamic stresses at arterial bifurcation apex are highly dependent on the bifurcation geometry, and wall shear stress is minimized in cases where the bifurcation angles and vessel radius follow the optimality principles of minimum work. 2 Widening of arterial bifurcation angles was linked with hemodynamic stress alteration at the bifurcation apex and associated with an increased risk of aneurysm formation. 3 The basilar artery (BA) arises from confluence of 2 vertebral arteries, 4 which supplies blood to the posterior part of the circle of Willis and joins with blood supplied to the anterior part of the circle of Willis from the internal carotid arteries. BA bifurcation aneurysms account for ≈5% of all intracranial aneurysms. 5 Comparison analysis of BA bifurcation with and without BA bifurcation aneurysms could help assist in risk assessment of aneurysm initiation. Previous reports have shown that BA bifurcation angles were associated with age, and the bifurcation angles in BA, anterior communicating artery, and middle cerebral artery bifurcations with an aneurysm were larger than nonaneurysmal bifurcations, [6] [7] [8] indicating that arterial bifurcation angles play an important role in aneurysm formation. Our previous study has found that anterior communicating artery aneurysms were deviated toward the daughter branch forming a smaller angle with the A1 segment of anterior cerebral artery and toward the smallerdiameter daughter vessel. 8 However, the relationship between aneurysm size, deviation, and BA bifurcation geometry has not been investigated. We hypothesized that BA bifurcation geometry alteration accompanying with age could lead to hemodynamic changes possibly affecting BA bifurcation aneurysm initiation. The purpose of this study was to examine a possible link of the BA bifurcation aneurysm with patients' age, sex, and bifurcation geometry for better understanding of the effect of morphological factors on aneurysm development.
Methods
Between March 2004 and February 2015, consecutive patients with 3-dimensional digital subtraction angiography in our hospital were enrolled in this study. All volumes showing a clear view of the BA bifurcation were included; however, the 3-dimensional angiographic volumes of 14 patients with poor 3-dimensional angiography were excluded. A total of 195 patients were eligible for analysis, including 76 with subarachnoid hemorrhage, 27 with known cerebrovascular diseases, 35 with headache, and 57 with nonspecific neurological symptoms. Data on patients' age, sex, symptom, and aneurysm status were collected from a prospectively maintained database. This study adhered to the Transparency and Openness Promotion Guidelines and was approved by the ethics committee of our institution with all patients given signed informed consent. The data that support the findings of this study are available from the corresponding author on reasonable request.
Three-dimensional rotational angiography data were reconstructed for surface rendering by using Amira software (version 5.2.2; Visage Imaging, San Diego, CA). The angles formed between left posterior cerebral artery (PCA) and right PCA (φ1) and between BA and PCA (the smaller angle defined as φ2 and the larger one as φ3) were measured. The φ1 angle was measured by use of 3 dots after the central point was placed at the tip of the bifurcation in line with the central axis of the BA, and the other 2 dots marked the proximal PCA. The φ2 and φ3 angles were evaluated in a similar manner ( Figure 1A) .
The diameter of BA was measured midway between the bifurcation and the last branch point on BA similar to the approach used by Ingebrigtsen et al. 6 The diameter of bilateral PCAs was measured 5 mm beyond the bifurcation apex. The diameter was measured on 4 different centripetal axes in the cross section perpendicular to the flow axis. The diameter of the larger PCA was defined as D2 and the smaller one as D1 ( Figure 1B) .
The measurement method of aneurysm deviation was in line with our previous study 8 as shown in Figure 1C . Briefly, according to the intersection of aneurysm neck and the central line of the longitudinal axis of parent artery, the length of aneurysm neck was divided into 2 sections, defined as L1 and L2. The BA aneurysm deviation was determined in accordance to the larger section between L1 and L2. If L1 was greater than L2, aneurysm deviation was toward the L1 side. If L2 was greater than L1, the aneurysm was deviated toward L2 ( Figure 1C ).
Statistical Analysis
All data were presented as mean±SD. The JMP statistical software (version 10.01.2; SAS Institute, Cary, NC) was used for statistical analysis. Correlations between parameters (φ1 angle, age, aneurysm size, and bifurcation geometry) were assessed by multivariate analysis using least squares linear regression; the t test was used to examine the age, aneurysm morphology, and bifurcation morphology differences between the 2 groups; and the χ 2 analysis was used to examine sex match between the 2 groups. P value <0.05 was considered to be statistically significant. Among the 59 patients with BA bifurcation aneurysms, a high prevalence (82.1%) of BA bifurcation aneurysms existed in the age group of 41 to 70 years ( Figure 1D ), with significantly (P<0.001) more women than men harboring BA bifurcation aneurysms ( Figure 1D ).
The BA bifurcation geometry was evaluated in 195 patients (56.4% women), and the φ1 angle ranged 58.9° to 173.3° (mean, 116.9±24.0°; Table) . Multivariate analysis using the least squares linear regression was used to determine Box plots displaying significant differences in the mean value of the angle formed between 2 posterior cerebral arteries (PCAs; φ1; A), the smaller angle formed between one PCA and the BA (φ2; B) , and the larger angle between the other PCA and BA (φ3; C) between patients with basilar artery (BA) bifurcation aneurysms and control subjects. Typical cases of BA bifurcation aneurysms (A1) and a control subject with no aneurysms (A2) were shown. Differences were considered statistically significant at P<0.05. C indicates the control group; and Y, the BA bifurcation aneurysm group. ***P<0.0001.
In 59 patients harboring BA bifurcation aneurysms, a statistically significant, positive linear correlation existed between aneurysm size and bifurcation branch diameter (D1, D2, and BA; P<0.0001, P<0.0001, and P=0.0002, respectively). No statistically significant correlation was detected between aneurysm size (height×width) and age in patients with BA bifurcation aneurysms (P=0.08; Figure 3) .
The mean φ1 angle was 141.1±13.6° (range of 118.1°-173.3°) in 59 patients with BA bifurcation aneurysms, which was significantly (P<0.0001) greater than that in 136 patients with no aneurysms (mean, 106.5±19.7°; range, 58.9°-161.8°; Figure 4A ). However, the φ2 and φ3 angles were significantly (P<0.0001) smaller in the BA aneurysm group than in the control group with no aneurysms (91.5±15.6° and 116.6±15.8° in the BA bifurcation aneurysm group versus 115.5±15.2° and 133.3±11.6° in the control, respectively), respectively ( Figure 4B and 4C) .
In 59 patients with BA bifurcation aneurysms, 88.1% (52) aneurysms were deviated toward the side of the smaller lateral angle-φ2 (P<0.001; Figure 5A ), and 62.7% (37) aneurysms were deviated toward the smaller-diameter daughter vessel (P=0.067; Figure 5B ). Furthermore, 57.6% (34) bifurcation aneurysms deviated toward both the smaller angle and the daughter vessel with a smaller diameter.
Discussion
Hemodynamic stresses, hypertension, sex, aging, smoking, and alcohol abuse are the known aneurysm risk factors. 9 Among them, hemodynamic stresses are an important factor in aneurysm initiation, development, and rupture. The bifurcation apex is a site of maximal stresses in the vascular network because of flow direct impact, deflection, and separation of blood flow. 7 The bifurcation angle changed with age, which is accompanied with hemodynamics alteration and possibly aneurysm initiation and development. 7, 10 However, the correlation between hemodynamic forces and BA bifurcation geometry, including bifurcation angle and vascular diameter, remains to be established. In the current study, we investigated the possible relationship of BA aneurysm presence with patients' age, sex, and BA bifurcation geometry. Previous studies have investigated the possible correlation of bifurcation angles between aneurysmal and nonaneurysmal bifurcations in the circle of Willis, showing that aneurysmal bifurcations had wider bifurcation angles compared with nonaneurysmal bifurcation geometries, including middle cerebral artery, internal carotid artery, and BA bifurcations. 6, 7, 10 In our study, we determined the correlation of BA aneurysm presence with the angle formed between bilateral PCAs (φ1). The mean φ1 angle was 141.1±13.6° in the BA bifurcations with aneurysms, significantly larger (P<0.0001) than those without aneurysms (106.5±19.7°). The mean φ2 and φ3 angles were 91.5±15.6° and 116.6±15.8°, respectively, in the BA bifurcations with aneurysms, much smaller (P<0.0001) than those without aneurysms (115.5±15.2° and 133.3±11.6°, respectively; Table; Figure 4) , which was in agreement with previous reports, 7, 8 implying that BA bifurcation aneurysms are more likely associated with wider BA bifurcation angles and narrower lateral angles. In the bifurcations with narrower bifurcation angles, the direct flow impinging center was in the area protected by a band of densely packed collagen fiber, 11 and the vortices straddling the flow direct impingement center were smaller, and blood flow took a shorter distance to become laminar at bilateral daughter branches, all of which protected the narrowed bifurcation apex from damage caused by hemodynamic stresses. In the arterial bifurcations with wider bifurcation angles, the blood flow needed a longer distance to become laminar and may cause greater damage to the vessel apex wall in the area beyond collagen fiber protection. Furthermore, in the region immediately adjacent to the impingement center, vortices formed by direction-alternated flow were larger 
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in wider bifurcation angles than in narrower ones. 12 Treating bifurcation aneurysms clinically, Y-configuration stent-coiling technology was used to narrow the bifurcation angle, which thus decreased the hemodynamic stresses and changed the flow direction at the anterior communicating artery, middle cerebral artery, internal carotid artery, and BA bifurcation apex, possibly decreasing damages caused by flow impingement in wider bifurcations. 13, 14 The multivariate analysis using the least squares linear regression showed a significant positive linear correlation between age and φ1 angle in all patients with and without BA bifurcation aneurysms (P<0.0001), indicating that alteration of hemodynamic stresses may occur at wider bifurcations of older people to initiate aneurysm formation. This is consistent with clinical observation that most BA bifurcation aneurysms occur in the fourth to seventh decades of life. In all patients with and without BA bifurcation aneurysms, linear regression analysis also showed a statistically significant, positive correlation between φ2 angle and age (P<0.0001).
Because BA bifurcation aneurysm presence was associated with wider bifurcation angles and smaller lateral angles, we thus hypothesized that aneurysm morphology was associated with BA bifurcation geometry. Our results first showed that BA bifurcation aneurysm sizes were significantly correlated with the vessel diameter of BA and bilateral PCAs (P<0.001), which is in agreement with our previous findings about anterior cerebral artery bifurcation and anterior communicating artery aneurysms. 8 However, the age was not associated with aneurysm geometry (P>0.05), and no significant positive correlation was observed between aneurysm size and bifurcation angles, including φ1, φ2, and φ3 angles. The underlying mechanisms about the effect of bifurcation branch diameters on aneurysm morphology need to be further investigated.
The aneurysm neck covered the aneurysm initiation site, and the deviation of aneurysm was based on the location of aneurysm neck, including the wider neck that involves bilateral PCAs. Thus, aneurysm deviation may indicate the site with abnormal hemodynamic stresses that trigger an aneurysm. Our present study showed that 88.1% BA bifurcation aneurysms deviated toward the smaller angle at the lateral side (P<0.001), implying that the BA bifurcation aneurysms are mainly initiated at the PCA vessel forming a narrower angle with the BA where the hemodynamic stresses are greater with larger deflection of blood flow and stronger vortexes than the contralateral daughter vessel forming a larger angle with the BA. Furthermore, 62.7% BA bifurcation aneurysms deviated toward the smaller-diameter PCA vessel, and 57.6% BA bifurcation aneurysms deviated toward both the smaller lateral angle and smaller-diameter PCA branch, indicating that the smaller-diameter vessels may receive relatively stronger hemodynamic stresses than larger diameter vessels or that the small vessels with thinner vessel wall are not strong enough to endure the hemodynamic stresses that initiate an aneurysm.
In a word, the presence of BA bifurcation aneurysms is significantly associated with older age, female sex, wider bifurcation angles, and smaller vascular diameter at the BA bifurcation.
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